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Abstract
The capstone project, in most undergraduate engineering programs is the final phase of an academic career.  It allows 
students to take knowledge acquired through the program and apply it to an innovative industry or research project.  
A well designed senior project affords the student the opportunity to demonstrate the skills and to model the 
behaviour, which are inherent in the education goals of the program.  Most capstone projects focus on technical skills 
but soft skills oftentimes are not built into the experience.  During the past three years we have observed that a 
significant amount of Sr. Design teams in our Electrical Engineering (EE) department do not complete the projects in 
a timely manner.  We find that lack of technical knowledge is rarely the cause; more often the causes include lack of 
communication skills, lack of experience in organizing work in a team environment, and a bias towards focusing on 
the device level at the expense of having a clear, high level end-to-end view of the project.  This paper describes our 
efforts to address these gaps through the incorporation of Systems Engineering disciplines into our undergraduate 
capstone course in EE and our results so far; thus, leading to more qualitative, competitive and successful projects.
© 2012 Published by Elsevier Ltd. Selection 
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1. Introduction
According to the International Council on Systems Engineering (INCOSE) Handbook [1], Systems 
Engineering (SE) can be defined as an “interdisciplinary and holistic discipline” which can be applied to 
any field where systems are to be delivered to “enable the realization of successful projects,” within 
budget and on-time. The Senior Project Design (SPD) course can be seen as a program in which different 
projects are defined and worked in teams of three or four members. Within those projects SE 
methodologies are applied for the common goal of delivering a fully functional prototype. Using Systems 
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Engineering as a systemic approach helps avoid reworks and reduces time in development; thus, reducing 
costs in prototyping. The SPD course is broken down into two academic semesters, Senior Project 
Design I and Senior Project Design II. During these two semesters, students are afforded the opportunity 
to work in teams. The success of any project is based upon the hard work, knowledge, and perseverance 
of every team-member. We have observed that some of the reasons for a team to not finish on time 
include the lack of communication skills, proper tracking of the project as well as documents and also due 
to a lack of an end-to-end, high level view of the project. Another common cause is that the students have 
not had the opportunity to work in a team environment, where they can lead and organize technology 
development as well as to understand and use disciplined systemic approaches. 
The objectives of the SPD course are to afford the student the opportunity to apply technical 
knowledge gained to the development of a capstone design. The SPD course also affords the student the 
opportunity to demonstrate the soft skills such as leadership, team work, and communication. 
The execution plan for SPD course begins with a hierarchy work breakdown structure as illustrated in 
Figure 1. 
Senior Project 
Course Program
Soft Skills Capstone Design(1,2,3,…, n
Projects)
Communication LeadershipTeamwork TechnicalManagement Technical Design
Figure 1. Execution Plan for Senior Project course
This paper emphasizes the importance of applying a system engineering approach to Senior Projects, 
where the course itself is managed through a set of SE management techniques and tools throughout the 
different phases of the course. It is believed that by applying SE Methods-Processes and Tools (MPTs), 
the number of successful projects of high quality is increased. 
2. Implementation Plan
There are several well known pedagogical models in the literature [2, 3, 4] for integrating soft 
skills in the engineering curriculum; we, at the College of Engineering in the University of Texas at El 
Paso are leading efforts in the creation of Leadership Engineering [5, 6] curricula and Systems 
Engineering curricula through a practice based experiential learning model [7] which has been used for 
the methodology in the SPD.
Many processes implemented in SPD are taken from the systems engineering discipline. For 
example the Vee, the waterfall, the incremental and the spiral processes. Any of these models, could 
assist the students in the process of a senior project development. Because of the structure of the SPD
course and because it fits our purposes best, the Vee model was selected and is the overall model we used. 
This model, shown in Figure 2, was modified to meet our needs in the course. Please note that the 
original model can be found in Forsberg [8].
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Figure 2. Systems Engineering “Vee”
Figure 2 helps us in the execution of SPD where the left side indicates the execution of Senior Project 
Design I; whereas, the right side of the model indicates the execution of Senior Project Design II. Each 
section of the “Vee” is broken down into four phases each and will be explained in detail elsewhere in the 
paper.  The ever evolving complexity of man-made systems and the lack of end-to-end systems thinking 
for the design and development of these systems have spurred a lot of debate on current engineering 
academic programs and the need to change engineering education so as to have better fitted engineers to 
industry needs and to maintain our competitive advantage in a global service based economy [9, 10, 11].
Soft skills like communication, teamwork and leadership are universally accepted as key to engineering 
education.  
2.1. Communication Skills
The SPD course begins with the integration of teams.  Students are guided by the instructors to utilize 
the Systems Engineering methodology implemented in the course. The importance of communication 
skills among the team members is emphasized constantly. One thing the students become conscious of on 
the first day is the complexity of working in a team environment. They are exposed to situations where 
they have to develop end-to-end system thinking. Students are required give weekly presentations on the 
status of the milestones of the project. By doing this, students are encouraged to practice and enhance 
their communication skills. Another aspect in the communication area is how to deal with problems and 
come up with the best result for the benefit of the team and, ultimately, the project. The students are 
given a conflict resolution sheet, in which they report any conflicts among the team members such as 
attendance to meetings, project commitment, meaningful contributions, quality of work, etc. The 
instructor encourages and advises the team members to discuss the conflict(s) objectively and to negotiate 
a resolution. 
2.2. Teamwork Skills
During the first week the students perform an interview among them. This exercise enables the team 
to know each member’s skills and knowledge.  This exercise also tells the students if there are extra-
curricular activities their classmates are involved in. This interview allows the team members to have an 
idea of how to best distribute the responsibilities among them.  According to a report by United Nations 
Educational Scientific and Cultural Organization (UNESCO) [10] on engineering education it is 
suggested that students would benefit more if they are exposed to less formulaic and more problem and 
project based instruction, so students can face the challenges and opportunities at an early stage. Similar 
advice is offered by INCOSE that if applied, would enable students to be better prepared to solve real-
world problems. For instance, INCOSE encourages us to “to educate professionals who will not only be 
technically competent across interdisciplinary emerging technologies but also address and adapt to 
changes and challenges associated with the increasing complexity of systems.”[12]  
2.3. Leadership Skills
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Students are given the opportunity to lead when they select what subsystem they will be in charge of. 
They also are expected to give presentations in the particular subject matter selected such as wireless 
communication, encryption, frequency modulation, etc. This affords them the opportunity to teach others 
about their findings; reinforce their knowledge in that particular area, and practice communication, 
negotiations and presentation skills. 
3. Senior Project 1
The structure of Senior Project Design I is taken from the left-side of the Vee model. This side of the 
model is commonly known as “Decomposition and Definition” [8].  For our purposes the side is further 
divided into four phases each about a month long during the academic term. 
3.1. Phase I (Week 1-Week4) 
This phase is the “Senior Project Detailed Definition” when the students are required to define and 
articulate a project description. The description should include: 
3.1.1. Concept Statement and Mission Statement
The concept statement helps the team clarify the purpose of the project; whereas the mission 
statement will clearly state what the system will do. Two aspects to be considered when creating the 
mission statement are a description of the target market and a description of the expected product/service. 
The objective of the project is to deliver a system that meets the primary objectives set by the 
stakeholder(s) (i.e., course instructor, faculty sponsor and/or private company). In order to accomplish 
these requirements the students must identify all the needs of the stakeholder(s). It is important to 
mention that the project must be successfully completed in one academic year. Thus, time plays a critical 
role in the development of the project. The process that must be followed is defined as the prototyping 
cycle of the system from stakeholder requirements elicitation, analysis, system design and integration and 
to end-to-end testing and evaluation. Because of time restrictions, the retirements and disposal phases are 
not emphasized in the class. A set of deliverables is defined at the beginning of the Concept and Mission 
statements in Senior Project I and the use of Gantt charts is encouraged from the beginning of the course, 
so that the students can organize and schedule the development milestones and final delivery. 
3.1.2 High-level set of requirements
This is an essential part of the process and requires describing the main functions and attributes for 
the system prior to its design. The development of requirements is an organized methodology that 
identifies a set of resources to satisfy a system’s need. It can be described as “the transformation between 
the customer’s system need and the design concept energized by the organized application of engineering 
talent” [13]. In essence, this transformation will be a decomposition of a statement, coming from the 
customer’s need, into an explicit statement stating what the system must do to satisfy that need. An 
example of a customer’s needs might be “The system must include wireless communication.” 
3.1.3 Concept of Operation (ConOps)
The concept of operation is viewed as one of the strongest pillars in the design of a project. The 
ConOps gives students the full picture of the intended behavior and use of the entire system. In fact the 
students are asked to develop a picture to describe the different operational scenarios. An example is 
illustrated in Figure 3 which depicts a design that is capable of delivering information to students about 
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the campus shuttle bus. Information such as bus route tracking and an Estimated Time of Arrival (ETA) 
are some of the features that were presented in one of the senior projects.
Figure 3. ConOps for a Bus Tracking System
3.1.4 Feasibility Assessment
In this phase the students review all the information gathered about the project to see if it is viable or 
not. They evaluate the constraints, functions, and capabilities of the project against the requirements set 
by the stakeholder(s). Moreover, budgeting is a critical part they learn and use to evaluate the proposed 
project from a Functionality, Time and Cost perspective. In order to do this, the students apply analytic 
trade-off studies to better assess the alternatives based on the criteria for the particular functionalities they 
want the system to possess.  
3.2 Phase II (Week 5-Week 8)
Phase II is treated as the Senior Project Analysis and Design. In this phase the students are taught to 
analyze the system and divide it into a hierarchy by using architectural block diagrams. The block 
diagrams emphasize both the interoperability and interfaces among subsystems and the subsystem 
assigned among the team members. A Block Diagram is illustrated in Figure 4.
Figure 4. Block Diagram of System
In addition, the students learn the importance of having a responsibility matrix which is used in case
there are any emergency issues among the team. For instance, if there is a situation where one team 
member happens to be absent, a backup member should know what needs to be done and be capable of 
taking over for that portion of the task. A system engineering management plan is also developed by the 
students where a Work Breakdown Structure (WBS), tasks assignments, and timelines are agreed upon by 
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the team members. The WBS is a tool that helps the students to organize the entire work scope of the 
system [14]. After completing all aspects, the students are able to create an executive summary of the 
project to be delivered.  
During phase II, a trade-off study is performed. This analysis is used to achieve a balance between 
time, cost and performance among configuration items that are part of every subsystem. Confidence in 
making decisions is critical in the design of the system. Students are exposed to the need to make 
decisions about how to best employ the resources for their system. According to Smith [15] having
“biases, cognitive illusions, emotions, fallacies, and the use of simplifying heuristics” make the decision-
making quite challenging. By completing trade-off studies, the students employ a rational methodology 
in choosing the best component among many alternatives; moreover, the students learn how processes are 
dealt with in industry. 
Finally, a bill of materials (BOM) is produced. This BOM indicates part description, vendor, unit of 
measurement, quantity used, unit cost, total cost, and lead time. The purpose of a BOM is to keep all the 
team members and the manufacturing partners informed about all the costs involved in the project. There
are many levels of BOM needed in order to reproduce a master BOM, such as engineering bill of 
materials, sales bill of materials, manufacturing bill of materials, and service bill of materials. The BOM 
made by the students is the one that gives the formula to reproduce a printed circuit board (PCB) layout, 
where all the components required for the subsystems are listed. Every subsystem in the project should 
have an individual BOM. 
3.3 Phase III (Week 10 – Week 13)
This phase includes the Senior Project Development. A simulation of the individual subsystems is 
performed during this phase. A very useful simulation environment, called Labcenter Proteus ISIS, has 
helped the students in this task.  This environment is fully loaded with SPICE circuit simulator that 
enables students to simulate software that interacts with hardware in real time. A SPICE scenario is
reflected in Figure 5.
Figure 5. Simulator for complete design
The last part for Phase III is the Preliminary Design Review (PDR). This includes everything that the 
students have gathered throughout the previous phases. This design review is used to ensure that the 
design of the system is consistent with the stakeholder’s requirements. The  PDR includes an Executive 
Summary, ConOps, Project Description, system requirements, Block Diagrams, Work Break-Down 
Structure, trade-off studies, and a fully functional simulation [1, 14].
3.4 Phase IV (Week 14 – Week17)
This last phase of the first semester is the “Senior Project and System Integration.”  It is dedicated to 
implement a prototype using a breadboard. During this phase, students are required to verify, validate 
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and test every functional requirement of the system, individual subsystem and interfaces using a
Verification and Validation plan that includes key measurements and expected outcomes. Finally, a 
System Design Review (SDR) is conducted and documented. This final document describes in detail to 
the stakeholders how the proposed project will validate the high-level requirements originally set at the 
beginning of the semester and will in fact validate the ConOps. 
4. SENIOR PROJECT II
Senior Project Design II is considered to be the right side of the Vee in which integration of the end-
to-end system is emphasized. The structure of Senior Project Design II is also decomposed into four 
phases. During the first three weeks the students are asked to demonstrate the “Initial Operation 
Capabilities” (IOC) in a breadboard similar to Phase IV during Senior Project Design I; with the 
exception that the students are asked to provide a new set of key measurements in order to validate, verify 
and test.  The reason for requiring a new set of measurements is that there is a gap of three months 
between SPD-I and SPD-II, and the project baseline can change during this time if new requirements are 
added to the project. 
From week 4 to week 6 the project begins the “System Integration” phase. In this phase all the 
subsystems of the project are physically integrated and interfaced with each other according to the set of 
requirements set by the systems design document. Detailed specifications, such as impedance matching, 
frequency matching, capacitive interference, power distribution, heat dissipation, and data transmission, 
are developed during this phase.  With detailed specification the project enters the “Subsystem Design 
Layout and Verification & Validation phase.”  This phase requires the students to perform a design layout 
for a PCB which teaches students about the rules of thumb for PCB design such as the trace tolerances, 
the optimal distance between components, etc.  Students are also asked to create a Gerber file that is 
needed for the fabrication of the PCB.  After a layout has been created and the PCB is fabricated, the 
students are taken through the process of populating and soldering the components to the PCB. Once a 
PCB is completely populated and properly soldered, Validation and Verification (V&V) and testing plans 
are executed. In addition, preliminary mechanical drawings of the design with dimensions and tolerances 
are provided by the students.   
The last six weeks of Senior Project Design II is described as the “Senior Project System V&V.”  In 
this phase the students demonstrate the fully integrated system using PCBs and execute a set of V&V and 
testing plans. Finally, a poster and oral presentation is made where the teams explain the overall 
description and functionality of the project to the faculty and invited sponsoring industries. The teams 
have the opportunity to explain all the components that were specified by the stakeholders and how a 
fully functional prototype was developed. They get to practice presentation skills and teamwork in the 
process.  The last portion of this phase is to create a final report that includes all the specifications 
developed during the two-semester course finalizing with an end-product.
5. Conclusion
We feel that introducing SE management disciplines and SE MPTs into senior projects enables the
students to understand the entire project and to significantly improve performance. Before the 
implementation of this methodology, 4 to 5 teams (out of 20), on average, did not successfully complete 
their projects. After its implementation the average has been reduced to only 1 to 2 teams 
underperforming.  The Systems Engineering process including technical management applied to Senior 
Project has proven to be effective in increasing the number of successful projects by emphasizing: 
• Team work
• Leadership
• End-to-end system thinking
• Problem solving 
• Marketing potential ideas
We believe that future projects using multidisciplinary teams/project will enhance the opportunity for 
the students to learn these techniques and perform better.  In order to expose our students to a multi-
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disciplinary work and end-to-end systems thinking, the faculty should develop pedagogies that encourage 
multi-disciplinary work and that develops a systems thinking mind-set. According to the Accreditation 
Board for Engineering and Technology (ABET) engineering course should develop in the students:
• An ability to design a system, component, or process to meet desired needs within realistic 
constraints such as economic, environmental, social, political, ethical, health and safety, 
manufacturability, and sustainability.
• An ability to function on multi-disciplinary teams
• An understanding of professional and ethical responsibility.
• An ability to communicate effectively. 
• The broad education necessary to understand the impact of solutions in a global and societal 
context.
• An ability to use techniques, skills, and modern scientific and technical tools necessary for 
professional practice. 
In our experience the use of the Systems Engineering discipline has brought many benefits: the 
number of projects delivered late has decreased significantly, the quality of all the projects has also been 
positively impacted, but most importantly, we have afforded our students an opportunity to apply proven 
methodologies to their work that has develop an end-to-end view for their future endeavours.
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